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We study the influence of the carrier dynamics on the transient reflectivity of
low-temperature-grown GaAs samples. We report a precise modeling of the recorded reflectivity
data, which exhibit multiexponential decays and changes in sign, using a standard point defect
model and taking into account the effects of the band filling, band gap renormalization, and trap
absorption. We show that the valence-band hole population plays an important role in the behavior
of the signals, and that it must be taken into account in order to optimize low-temperature-grown
GaAs-based devices. © 2002 American Institute of Physics. @DOI: 10.1063/1.1463209#
Low-temperature-grown GaAs ~LT-GaAs! layers are ex-
tensively studied for ultrafast optoelectronic applications due
to their improved subpicosecond carrier lifetime, high carrier
mobility, and high breakdown fields. These interesting prop-
erties allow the realization of components such as THz
sources and detectors, saturable semiconductor absorber
mirrors, or ultrafast metal–semiconductor–metal photo-
detectors.1 The properties of the LT-GaAs depend both on the
growth conditions ~growth temperature, growth rate, V/III
ratio, etc.! during the molecular-beam epitaxy ~MBE! pro-
cess, and on the postgrowth annealing ~duration and tem-
perature!.
It is known that during the growth step, excess As is
incorporated, which leads to the formation of a high density
(1017– 1020 cm23) of AsGa-related point defects.2 These de-
fects form a midgap band, and act as nonradiative recombi-
nation centers that decrease the carrier lifetimes. When the
growth temperature is lowered, more defects are incorpo-
rated, and thus the carrier lifetime is reduced.3 During the
postgrowth annealing step, the carrier lifetime is generally
increased due to the precipitation of the point defects in As
clusters, although the annealed layers can also show an un-
expectedly reduced carrier lifetime in some specific cases.4
One of the most effective ways to characterize the LT-
GaAs material without the need to process devices is to per-
form transient reflectivity measurements. The signal decay is
then usually roughly interpreted as the decay of the excess
carrier lifetime in the material,3 and the optimization of the
growth/annealing conditions performed in view of the de-
sired final application. However, some unexplained behav-
iors such as negative or slow transients are observed in as-
grown or very lightly annealed samples, in reflectivity but
also in transmittance experiments.5,6 They usually disappear
when the material is annealed at temperatures higher than
600 °C. This behavior was attributed to a change in the
defect-to-band absorption when the injected excess carriers
are trapped in the defect levels.6 Thus, the induced absorp-
tion should be only observable in samples with a high defect
concentration, i.e., the as-grown samples. However, in the
reflectivity measurements that we present here, although
there are no negative transients in as-grown and 500 °C/60 s
annealed LT-GaAs samples, we observe them in the same
samples after an anneal of 500 °C/10 min. These experimen-
tal facts show the need for a more accurate physical descrip-
tion of the transient.
In this letter, we report results on the modeling of tran-
sient differential reflectivity (DR) measurements of LT-
GaAs samples. We used a standard point defect model,
which takes into account the electron and hole populations,
and calculated the effects of band filling, band gap shrinkage,
and trap absorption. We found that most of the previously
unexplained behaviors are due to the influence of a slowly
varying hole population in the valence band.
The two samples studied here were realized by MBE on
a Varian Mod Gen II reactor. They consist of a 2 mm-thick
LT-GaAs layer embedded between 20 nm-thick
Al0.25Ga0.75As layers in order to avoid surface recombination
and leakage of the photogenerated carriers to the substrate.
Growth rates of 1 mm/h and a V/III ratio of 3.0 were used.7
The deep donor ~DD! concentrations deduced by high reso-
lution x-ray diffraction ~HRXRD!8 are N0DD;5.9
31019 cm23 ~0.31% excess As, sample A!, 1.531019 cm23
~0.08% excess As, sample B!. The samples were then ex situ
flash annealed for 500 °C and 700 °C during 60 s, and for
500 °C during 10 min. As expected, we observed a reduction
of the DD concentration with increased annealing tempera-
ture. For the DR measurements, we used pump and probe
beams from a Ti:Sapphire oscillator with wavelengths of 812
nm and 100 fs full width half maximum pulse duration. The
pump beam of 70 mW, focused down to 50 mm, is expected
to generate about 731017 cm23 electron–hole pairs in the
probed region.
Figures 1 and 2 show the measured DR signals. During
the pump pulse duration, the signal rapidly increases to a
maximum value, then it rapidly decreases in the followinga!Electronic mail: valentin.ortiz@thalesgroup.com
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0.2 ps. This is attributed to the relaxation and the cooling of
carriers to the bottom of the bands. Then, for sample A as-
grown and annealed at 500 °C and 700 °C for 60 s ~Fig. 1!, a
nonexponential decrease of the signal is observed, which
corresponds to the carrier trapping by the DD states. For the
samples annealed 500 °C during 10 min ~Fig. 2!, we observe,
after a fast subpicosecond decrease, an important negative
reflectivity signal with a slow return to the equilibrium. This
behavior is not observed in our as-grown samples.
To explain these different behaviors, we developed a
Shockley–Read–Hall model including thermal processes4
which allows the calculation of the transient electron and
hole populations. The Fermi level is fixed by the compensa-
tion between the amount of incorporated acceptors (NA) and
the incorporated donors (NDD). The acceptor concentration,
in the absence of doping, is most likely constituted by either
the Ga vacancy defects generated during the LT-GaAs depo-
sition and annealing9 or by the residual doping during the
MBE growth. The rate equations concern the electrons n in
the conduction band ~CB!, the holes p in the valence band
~VB! and the nonionized deep donors nDD in the defect band.
For example, the decay rate of electrons n from the CB to the
DD states reads 2bCB→DDn(NDD2nDD), where bCB→DD is
the CB-electron capture coefficient by the ionized DD cen-
ters ~proportional to the carrier thermal velocity and the elec-
tron capture cross section se!. We also took into account the
effect of the absorption by the nonionized DD, with an ad-
ditional generation term in the CB-electron population
aDDI/hn , where I is the incident pump power, hv the pho-
ton energy and aDD5sDDnDD the DD absorption. Here sDD
is the DD absorption cross section. We neglected Auger and
band-to-band recombination since these effects are much
slower than the nonradiative recombination in our present
case.
After calculating the values of the carrier concentrations,
we deduced the variation of the refractive index. For this, we
calculated the variation of the absorption coefficient due to
different effects: band-gap renormalization ~BGR!,10 band
filling ~BF!,10 and DD absorption. Following the data pre-
sented in Ref. 10, we neglected the free carrier absorption.
For the BGR, we used a law of the type DEg5a(n1/3/me
1p1/3/mdh), where mdh5(m lh3/21mhh3/2)2/3 and a is a propor-
tionality constant determined to fit experimental results. Us-
ing the Kramers–Kronig relation, we then deduce the refrac-
tive index variation Dn , and thus DR ~which was found to
be proportional to Dn , as expected!. We did not attempt to
model the initial fast thermalization and cooling process.
The method adopted to fit the experimental results is the
following: we fixed the DD absorption cross section to sDD
5231016 cm2, which gives aDD553103 cm21 for NDD
52.531019 cm23 according to the experimental results in
Ref. 11, and chose a unique best set of CB-electron and
VB-hole cross sections ~sn and sp! for all samples: sn5
6310215 cm2 and sp51310217 cm2, values in agreement
with those reported in previous studies,12 The NDD for each
sample is given by the value measured by HRXRD and we
end up with one single fitting parameter for each experiment:
NA . By changing this value, we must be able to describe
every observed behavior.
In Figs. 1 and 2 are plotted the calculated results for the
samples studied ~dotted lines!. Concerning the 60 s-annealed
sample ~Fig. 1!, we obtain an accurate description of the DR ,
which reproduces the nonexponential decays and the lifetime
reduction after an annealing at 500 °C/60 s. The range of the
values found for NA are in agreement with other values re-
ported in the literature.13
For the long-annealed samples ~Fig. 2!, we obtain a good
fit and a good description of the observed negative transient.
The discrepancy between the model and the experimental
data for very short times (,1 ps) is attributed to the ther-
malization process, which is not taken into account. The high
NA we have here (;6 – 731018 cm23) ensures a high
amount of ionized DD, and therefore many more empty
states for electrons in the DD band than for holes. This leads
to an extremely fast decrease of the CB-electron density
compared to the VB-hole one ~see inset of Fig. 2!, which
gives an initial subpicosecond decay time ~associated with
the decay of CB electrons! and then a slow negative signal
with the same decay rate as that of the VB holes. The nega-
tive contribution of VB holes to Dn ~at l;812 nm! is cal-
culated in Fig. 3, where the different contributions to DR are
described in the case of the sample A annealed
500 °C/10 min. These calculations also show that the DD
absorption contribution is negligible compared to the BF and
BGR one.
In Fig. 4, we show the calculated Dn as a function of the
excitation wavelength for the sample A annealed 700 °C/60 s
and 500 °C/10 min, 1.5 ps after the carrier injection, and the
FIG. 1. Transient reflectivity signals ~log. scale! for the sample A as-grown
and annealed 60 s for 500 °C and 700 °C ~solid lines! and their respective
modeling ~dotted lines! with NDD55.931019/NA51.531018 cm23, NDD
51.531019/NA51.631018 cm23 and NDD58.931017/NA58.931017
cm23. Inset: calculated transient CB-electron, VB-holes, and nonionized
donor concentrations for sample A annealed 700 °C/60 s.
FIG. 2. Transient reflectivity signals for the samples A and B annealed 10
min for 500 °C ~solid lines! and their respective modeling ~dotted lines!
with NDD51.931019/NA5731018 cm23 and NDD57.531018/NA56
31018 cm23. Inset: calculated transient CB-electron, VB-holes, and nonion-
ized donor concentrations for the sample A.
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Dn related to CB electrons and to VB holes. We can see that
the negative VB-hole contribution dominates for the sample
A annealed 500 °C/10 min, while in the case of the
700 °C/60 s annealing, the signal remains positive at 812 nm
due to the strong contribution of the remaining CB electrons.
We should mention here that the negative contribution of VB
holes is in fact related to their higher effective mass, which
gives a different shape of the Dn versus l curve and thus a
negative DR at 812 nm. Besides, this dependence of wave-
length can be employed to probe selectively for example the
electron population ~with a pump–probe wavelength of
about 780 nm!.
It is interesting to note that the high amount of NA ,
which leads to the predicted negative transients, can be either
due to a generation of Ga vacancies during our long anneal-
ing cycles but also to an important residual doping in the
MBE reactor.14 Besides, we should note that an alternative
way to have an important NA is to grow p-doped LT-GaAs:
in fact, the photoreflectance studies performed at 800 nm in
such types of layers15 show the same negative transients as
ours.
In summary, we performed DR measurements on LT-
GaAs layers, which exhibit nonexponential behaviors as well
as negative reflectivity signals. These are described accu-
rately by a general point-defect model that uses the DD con-
centration ~measured by HRXRD! and the net acceptor con-
centration in the LT-GaAs layer as input parameters. This
model allows the calculation of the transient carrier popula-
tions in the material and the modeling of the associated DR .
We showed that the negative signals of the samples with long
annealing times can be explained by a slowly decreasing
hole population. This is related to a high amount of acceptors
present in the matrix.
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FIG. 3. Calculated real part of the refractive index variation ~proportional to
DR! for the sample A annealed 500 °C/10 min. Calculations for a pump–
probe wavelength at l5812 nm, taking into account only the hole popula-
tion ~the electron one is arbitrarily set to zero, dashed line!, and only the
electron population ~dotted line!; solid line: complete calculation. Inset: con-
tributions of the BGR ~dotted line!, the BF ~solid line! and the DD absorp-
tion ~dashed line, 3100! to the Dn .
FIG. 4. Calculated Dn for electrons ~we set n5731017 cm23 and p50!
and holes ~we set n50 and p5731017 cm23!, as a function of the probe
wavelength ~solid lines!. Dashed and dotted lines: calculated Dn for the
sample A annealed 700 °C/60 s and 500 °C/10 min, 1.5 ps after the pulse
injection, respectively. The calculation takes into account the effects of the
BF, BGR, and DD absorption.
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